OHMIC CONTACTS TO GaAs FOR HIGH-TUMPERATURE DEVICE APPLICATIONS 


< 


W. T. Andeiton, Jr., A. Christou, J. F. Giuliaoi and H. B. Dietrich 
Naval Research Laboiratory 
Washington, 0. C. 20375 


Summary 

Ohmic contacts to n*type GaAb have been developed 
for high-temperature de/ice applications up to 300°C. 
Refractory metallizatious were used with epitaxial Ge 
layers to form the contacts: TiW/Ge/GaAs, Ta/Ge/GaAs, 
Mo/Ge/GaAs, and Ni/Ge/GaAs. Contacts with high dose 
Si or Se ion implantation (10'* to 10'*/cm*) of the 
Ge/GaAs interface were also investigated. The purpose 
of this work was to develop refractory obmgc contacts 
with low specific contact resistance (~10 tl-cm* on 
IxlO'^/cni® GaAs) which a|e free of imperfections, 
resulting in a uniform N doping layer. 

The contacts were fabricat'd on epitaxial GaAs 
layers (n=2xl0*® to 2xl0**/cm*) grown on N (2xl0'*/cm*) 
or semi-insulating GaAs substrates. Ohmic contact was 
formed by both thermal annealing (at temperatures up 
to 700°C) and laser annealing (pulsed Ruhyl . Examina- 
tion of the Ge/GaAs interface revealed Ge migration 
into GaAs to form an N doping layer. 

Under optimum laser anneal conditions, the sge- 
cific contact resistance was in the range 1-5x10 “D-cm* 
(on 2xl0'^/cm* GaAs). This is an order of magnitudt 
improvement over thermally annealed Ag/Si* or Ni/Ge* 
contacts. Thermally-annealed TiW/Ge had a contact 
resistivity of IxlO Ocra* on IxlO'^/crc^ GaAs under 
optimum anneal conditions. The contacts also showed 
improved thermal siobility over conventional Ni/AuGe 
co.ntacts at tenperatures above 3O0'’C. The contact 
resistivity of thermally annealed TiW/Ge does not 
increase appreciably with a 350®C, 190 hr anneal, w*'ile 
that of Ni/A’iG? degrades appreciably between 25-35 hrs 
at 350“C. Under bias conditions (6V, 15 mA) the con- 
tact resistance of these contacts did not increase 
appreciably at 300“C after 160 hr. Preliminary results 
with the laser annealed contacts showed no measurable 
increase in _ sistance after 6 hr at 350°C. 

Introduction 

Low specific contact resistance ohmic contacts to 
n-type GaAs using epitaxial Ge films have been reported 
using molecular beam epitaxy* and vacuum epitaxy.*’^ 

The epitaxial Ge film allows^(in thei ry) the formation 
of contacts with a uniform N layer, in the highly 
doped Ge film itself* or, from Ge doping of the GaAs.*’^ 
These contacts should be more nearly free of imperfec- 
tions compared to polyrrystall’ne Ge or AuGe eutectic 
films in which rapid impurity aiffusion occurs at grain 
boundaries. Poth thermal annealing and laser annealing 
have been used to form ohmic contact. Laser annealing 
was used to form these contacts* because when a refrac- 
tory metal overlayer is desired it was found* that 
oven anneal teuiperatu.-es in the range 500-750®C were 
required. Subjecting the entire substrate to these 
high temperatures can have deleterious effects on the 
active and semi-insulating GaAs layers and to other 
metallizations previously deposited on the chip, e.g., 
for the purpose of fabricating integrated circuits. 

This problem can be obviated by selective contact 
an-.ealing with a laser beam. Pulsed lasei annealing 
may also be important in obtaining enhanced activation 
of implanted dopants and in obtaining certain doping 
profiles when rapid heating and cooling are ii.portant. 


ambient (above 150“C)', and 2) to improve the reliabil- 
ity of devices which experience high cuannel or contact 
temperatures, such as power field-effect tiaasisco.s 
(FET) and transferred-electron devices (IFDi.® In both 
cases, local melting at imperfections in the con^aers 
can result in device failure. Formation of an N layer 
at the GaAs-contact interface by Ge doping can also 
result in significant performance gain.- in power FETs 
end TEDs through reduction in contact resistance and 
increased voltage levels. 

Experimental Method an.> Results 

Fabrication of the ohmic contacts was similar to 
that described previously.* A number of different 
types of contacts ware investigated: TiW/Ge, Ta/Ge, 

Mo/Ge, and Ni/G*-, noth with and without a high dose of 
Si or Se ion implanted (I*) at the Ge/GaAs interface. 
Ohmic contacts were fabiicated on n-type epitaxial GaAs 
layejfs with carrier a concentration of 2.xl0'*/cm* grown 
on N (100) oriented GaAs sulstrates doped to 2xl0'®/tm* 
or on GaAs epitaxial layers (n=lxl0'*/cm*, 200oR thick) 
grown on se'ii-insulating (SI) GaAs substrates. To pre- 
,'are the GaAs surface for growth of the epitaxial Ge 
layer, the suriace was cleaned in organic solvents, 
etched in a solution (10 mE HC£, 10 mE HF, AO mE H 2 O, 

6 drops of H-0„) to remove carbon and oxygeu, and 
placed immediately into a high vacuiun system. Oxides 
were desorbed by heatiug^the substrate to 575°C for 13 
min in a vacuum of 2x10 Torr. Oxide desorption was 
carried out at 575°C because it was found^ by Auger 
electron spectroscopy (AES) that the oxide concev-t ra- 
tion was at a i.:i.nimum at this temperature without 
greatly changing the GaAs stoichiometry. An epitaxial 
Ge layer was then grown in the same vacuum at 425°C to 
thicknesses between 200 to 2000% by electron be^m evap- 
oration from pure Ge source. For contacts on N sub- 
strates, circular Ge contact patterns (30 to 230 pm in 
diameter) were formed by etching and the metal over- 
layers were deposited to thicknesses between 1000 to 
2000% (by electron beam evaporation in the case of Ta, 
Mo, and Ni; and by sputtering in the case of TiW). 
Isolated circular contact patterns wc.e defined using 
photoresist and lifting or by performing the Reposition 
throu.^h a metal mask. Ohmic contact to the N backside 
was made with AuGe/lIi, a'loyed at 450°C for 15 sec 
prior to fabrication of the frontside contacts, .ypical 
contacts are snown in Tig. 1. In the case of 'liW/Ge/I* 
Si contacts to the GaAs epitaxial layer on SI sub- 
strates, transmission line model (TLM) contacts were 
formed by etching the mesa, iiW, and Ge in three sep- 
arate etching steps. 
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In this paper we report on TiW (88 wt. % W, 11 
wt. % Ti)/Ge, Ta/Ge, Mo/Ge, and Ni/Ge onmic contacts 
fo n-type GaAs which have two possible areas oi appli- 
cations: 1) to devices which are designed to operate 

for extended periods of time in a high temperature 


Fig. 1. Schematic cross sections of typical refractory 
metal/Ge ohmic contacts to GaAs. 
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Thprasl annealing of th<* TiW/Gr/I^Si contacts 
(ISOOX TiW/400X Cc/l^'Si at 60kcV, 2xl0*«/c«*) was car- 
ried out in foraing gas at fOO^C. Near optiaua anneal- 
ing conditions^of 23 ain, the sp^'cific cor.tact resist- 
ance was 1x10 OcB^ as acasured by the TLH aethod.* 
Auger electron spectroscopy (AES) sputter profiles, as 
deposited and after sintering in vacuum, are shown >n 
Fig. 2. After sintering^ Ge aigration into CaAs was 
observed indicatu.g an N doping layer at the GaAs 
suiface. This condition is necessary for a low spe- 
cific contact resistance.^ The Si laplant nay also 
have been partially activated resulting in a further 
increase in the concentration of the N doping layer. 
After 23 Bin at 700°C. G.i uutdiffusion was also 
observed, allowing vacant sites for Ge or Si doping 
atoais. 




fig. 2. AES sputter profile of TiW/Ge/CaAs contact, 

(a) as deposited and (b) after ohmic contact formation 
at 700“C for 13 nin at 10 Torr. 


Laser an,iealing was performed with a ruby laser 
which enitted a one joule, 22 ns pulse obtained by 
Q-switcbing the cavity with a Pockel's cell. Experi- 
aients were performed both in single laode and in 

Bultiaode operation. Tne single aode was used for the 
small diameter ohmic contact experinents while the 
multimode was enployed for large area AES analyses. 

For the TEH_ mode case, a 0.8 mm circular aperture 
was placed the optical cavity. The output beam was 
then focused to form a 26C pn diameter spot at the 
sample. .3 30 I o 30 pm diameter spot, which contained 
only the center of the Gaussian beam, was obtained by 
use of a metal mask. Ohmic contacts were obtained at 
energy densities between 0 09 to 3 J/cm^, depending on 
the type of contact. For the multimode case, the full 
one joule output was homogenized by a method similar 
to that described by Cull is, et al.^ by sending it 
through a 1.2 cm diameter fused quartz optical wave 
guide which was bent and tapered to obtain a spot 


diameter at the sample cf 0.7 cm. Although this "light 
guide diffuser" was effective in homogenization of the 
multimode structure of the beam and reducing speckle 
patterns, "hot spots” were still ubservd at the output 
(particularly apparent on CjAs surfaces). A detailed 
analysis of the appearance of hot spots will be pub- 
lished later. 


Current/voltage (I/V) characteristics of c typical 
Ni/Ge contact before and after laser annealing are 
shown in Fig. 3 as displayed on a curve tracer. Before 
laser annealing the contacts were reasonably well 
behaved Schottky barriers; the upper curve shows a 
reverse breakdown voltage of about 3 volts on 2xl0*^/cm^ 
•ioped GaAs. After a pulse of 0.04 J/cm* the rectifica- 
tion softens, indicating some very limited melting, 
perhaps associated aith preferentially absorbing imper- 
fections on the op surface. At 0.14 J. cm^ the contact 
was ohmic and the photomicrograph of this contact, 
shown ill Fig. 3, indicated very shall w, uniform melt- 
ing had occurred. Similar results ' .e found with 
TiV/Ge, Mo/Ge. and Ta/Ge contacts. 
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Fig. 3. Curve tracer 1/V curves of Ni/Ge/GaAs contacts 
before laser annealing and after laser annealing at 
0.04 J/cm* (soft Schottky barrier) and 0.14 J/cm* (suf- 
ficient energy density to form ohmic contact). Photo- 
micrograph of ohmic contact after 0 14 J/cm*. 


Experimental curves of the specific contact 
resistance versus laser energy density are shown in 
Fig. 4. Measurements were made with a method similar 
to that of Cox and Strack.'° These results were 
obtained using the TEMqq mode with a 30 to 50 pm 
diameter laetal mask over (typically) 230 pm diameter 
isolated contacts. Approximate melting points for each 
of the contact types are shown at the top, as deter- 
mined from photooicrogiaphs of the irradiated surfaces. 

However, the melting poicts could not be determined 
precisely from the photomict,,^. very shallow 
melting probably occurred below these points. It was 
found that the contact resistivity was at a minimum 
near the melting point for Ni/Ge and Ta/Ge contacts. 

Similar TiW/Ge ohmic contacts forsed on n=2xl0‘^/ca^ i 

GaAs enitaxial layers resulted in a specific contact 
resistance of 1x10 ^Ocm*. The higher value of spe- 
cific contact resistance evidently resulted from the 
lower doping in the GaAc. Similarly, contoct resistiv- 1 

ity values for Ta/Ge, Ho/Ge, and Ni/Ce were approzi- 1 

mately an order of magnitude higher on 2xl0**/cm* at I 

compared to 2x10* */cm" GaAs. I 
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Fig. 4. Experinental values of specific contact resist- 
ance as a function pulsed ruby laser energy density; 

Bp indicates approximate melting points as determined 
from surface photomicrographs. 

The interfaces before and after laser annealing 
were investigated using AES sputter profiling tech- 
niques. Figure 5 shows AES sputter profiles of a Ni/Ge 
contact before laser annealing and after laser anaeal- 
ing at an energy density just high enough to form ohmic 
contact. A multicode 7 mm diameter beam was used to 
irradiate a laAs sample approximately 10 mm x 10 mm 
containing 2000A Ni and 2000.^ Ge prepared as discussed 
above. At 0.10 J/cm* slight melting patterns could 
just be observed, indicating melting of the Ni and Ge 
just to, and including, the GaAs surface. This energy 
density corresponded to the threshold for ohmic contact 
formation. Even at this low energy oensity there was 
Ge migration into the GaAs, enough to greatly increase 
the n-type doping concentration at the GaAs surface. 
Similar ofiles were observed with Ta/Ge laser 
annealed contacts. These profiles are also typical of 
Ni/Ge thermal annealed ohmic contacts studied pre- 
viously.^ 



Fig. 5. AES sputter profiles of a 200oS Ni/2000S 
Ge/GaAs contact before laser annealing and after laser 
annealing at 0.10 J/co*, just at threshold for ohmic 
contact formation. 


The curves of specific contact resistance versus 
cn.'rgy density, shown in Fig. 4, indicate there is a 
"window" in energy density which is appropriate for 
the formation of ohmic contact. This window depends 
on the layer thicknesses of the metal and epitaxial 
Ge, the pulse duration, to some extent on the surface 
morphology, and also on the fundaoiental interactions*' 
of the laser beam with the overlayers and GaAs. The 
depth of melting and surface temperature are deter- 
mined in part by the absorption coefficient, specific 
heat, and thermal diffusivity of the overlayers and 
GaAs surface. Ohmic contact appearea to occur j'lst at 
the threshold of melting, but the el*ing must be deep 
enough to melt at least the top 50 lo lOoS of the GaAs 
surface to account for the AES profiles in Fig. 5. 
Solid-state diffusion proce.sses are too slow to account 
for these profiles. Since the heating and cooling 
rates are nearly the same in pulse laser annealing 
dominated by thenaal processes," the Ge migration intr. 
the Ca.As surface must occur in the SO- '00 ns that the 
surface layers are molten. A minimum in the specific 
contact resistance apparently occurs just abeve the 
melting point at an optimum doping level and profile. 

It is assumed that low contact resistance occurs by 
electrons tunneling between the top metal layer and 
the highly doped surface layer in the GaAs.® The spe- 
cific contact resistance begins to rise at higher 
energy densities as the melt peaetration becomes deeper 
and the surface temperature reaches the boiling point. 
Surface evaporation and oblation can then result in 
loss of Ge and As (as well as loss of part of the metal 
contact), as has been observed with these contacts at 
high energy densities by electron microprobe x-ray 
analysis. This was found to result in an increase in 
the specific contact resistance. 

The advantages of laser annealing over thermal 
anneali.ag for these partiCLiar hign-tempcrilure con- 
tacts is seen in comparison with thermal annealing 
results. For similar ohmic contacts, the specific con- 
tact resistance was more than an order of magnitude 
higher when therm.-lly .nnealed^ and high ambient tem- 
peratures (up lo 650“C for 3 min) were required. The 
laser annealed contacts reported here also demons* rate 
an order of magnitude improvement in contact resistiv- 
ity over Ag/Si contacts* thermally annealed. These 
contact- iso compare favorably with conventional AuGe 
ohmic cogtacts, for which a specific contact resistance 
of 1x10 ncm^ can be routinely obtained, but which 
degrade significantly at 350“C. 

High-Temperature Aging 

The TiW/Ce/I*Si ohmic contacts formed on GaAs epi- 
taxial layers on SI substrates and thermally annealed 
were studied by high tempeature aging in an ambient of 
forming gas. Figure 6 shows the change in the specific 
contact resistance after exposure to temperatures 
between 350 to S0C"-T for over 175 hours. The behavior 
of a typical AuGc/Ni contact, included in the 350®C 
experiments, is shown for comparison. These results 
demonstrate the high-tempcrature reliability advantages 
of refractory metal/cpitaxial Ge ohmic contacts. With 
these contacts it was found that the contact resistance 
did not increase appreciably up to 190 hours at 350“C, 
while that of AuGe significantly increased between 
25-35 hours at 350°C. 

Preliminary high- temperature aging experiments 
with the laser annealed ohmic contacts (TiW/Ge/I*Si , 
Ni/Ge/I*Si, Ni/Ge, Ta/Ge, and^Mo/Ge) were also carried 
out by aging in vacuum at 10 Tore. No oieasurable 
change in specific contact resistance was found after 
350"C for 6 hr. 

The thermally annealed TiW/Ge ohmic contacts were 
also subjected to high-temperature aging under DC bias. 



Figure 7 shows the results at 300*C and 3S0‘C after 
exposure for 160 hr. At 300°C the contact resistivity 
increased initially bet stabilized at about 
At 3S0*’C the increase in contact resistivit* is aiuch 
larger. This was partially explained by the - gr out- 
Jiffusion of Ga, shown in the Al^S sputter pre .les in 
Fig. 8. 



Fig. 6. Specific contact resistance of tbersiall> 
annealed TiW/Gc and AuGe/Ni ohnic contacts as a func- 
tion of annual tiae at various aging tenperatures in 
foiving gas. 



Fig. 7. Specific contact resistance of thersally 
annealed TiW/Ge contacts as a function of anneal time 
under bias conditions at 300°C and 350**C in fotaing 
gas. Test structure used to neasure contact resistiv- 
ity (center awsa) and to study oetal nigration (long 
aras) . 



Fig. 8. AES sputter profile (Ge and Ga) of thermally 
annealed TiW/Ge ohmic contact after 3S0°C/40 hr anneal 
in forming gas under bias conditions, showing large Ga 
outdiffusion. 
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